Studies of de novo cytokinin biosynthesis in isopentenyltransferase (ipt)-transformed Arabidopsis thaliana, involving in vivo deuterium labeling and mass spectrometry, showed that the biosynthetic rate of zeatinriboside-5-monophosphate was around 66-fold higher than that of isopentenyladenosine-5-monophosphate (iPMP), the proposed primary product of the Agrobacterium ipt. Double tracer analysis, using [ 2 H6] isopentenyladenosine and deuterium oxide, provided evidence for an alternative, iPMPindependent, biosynthetic pathway for zeatin-type cytokinins, present in both ipt-expressing and wild-type Arabidopsis thaliana. Reduction of the biosynthetic flux in the alternative pathway by use of mevastatin, an inhibitor for 3-hydroxy-3-methylglutaryl CoA reductase, indicated a terpenoid origin for the side-chain precursor of the iPMP independent pathway. C ytokinins are an important class of plant growth regulators, defined by their ability to promote cell division in tissue culture in the presence of auxins (1, 2). Virtually all naturally occurring cytokinins identified to date are adenine species substituted at N 6 with an isoprenoid or aromatic side chain. In this text, cytokinins will refer solely to the isoprenoid cytokinin bases and their sugar conjugates. Cytokinins affect many plant developmental processes including cell division, cell differentiation, chlorophyll senescence, and apical dominance (3).
C
ytokinins are an important class of plant growth regulators, defined by their ability to promote cell division in tissue culture in the presence of auxins (1, 2) . Virtually all naturally occurring cytokinins identified to date are adenine species substituted at N 6 with an isoprenoid or aromatic side chain. In this text, cytokinins will refer solely to the isoprenoid cytokinin bases and their sugar conjugates. Cytokinins affect many plant developmental processes including cell division, cell differentiation, chlorophyll senescence, and apical dominance (3) .
Efforts to elucidate the biosynthetic origin of cytokinins in plants have been inconclusive. Early suggestions that tRNA degradation could be the major source of free, active cytokinins (4) were disproved when calculations of tRNA turnover rates showed that a tRNA-independent de novo biosynthetic pathway also must be present in plants (5) . A major breakthrough was the discovery of a cytokinin biosynthetic enzyme in the slime mold, Dictyostelium discoideum (6) . Cell-free extracts from this organism can convert AMP and dimethylallyl-pyrophosphate (DMAPP) to the free cytokinins isopentenyladenosine-5Ј-monophosphate (iPMP) and the corresponding nucleoside (isopentenyladenosine, iPA). This finding, and studies on the metabolism of isopentenyl-type cytokinins (7, 8) , led to the proposal that iPMP is also the primary cytokinin intermediate in plants, and zeatin cytokinins are formed by hydroxylation of iPMP and its derivatives (9, 10) (Fig. 1) .
Later, the product of the T-DNA gene 4 (ipt) of the crown gall-forming bacterium, Agrobacterium tumefaciens, also was described as a DMAPP:AMP isopentenyltransferase (ipt) (11, 12) . AMP was found to be the preferred adenylic substrate for the Agrobacterium ipt enzyme but searches for alternative side-chain donors have been limited. However, when de novo biosynthesis in crown gall tissue of Vinca rosea was traced with 14 C-adenine, in vivo production of iPMP was undetectable, whereas zeatinriboside-5Ј-monophospate (ZMP) production was strong (13) . After studies of 14 C-isopententyladenine metabolism in this system, it was proposed that the very low levels of iPMP were caused by rapid turnover of the iPMP pool (14) . An enzyme, capable of catalyzing stereospecific hydroxylation of the side chain, detected in microsomal fractions of cauliflower, Brassica oleracea, and metyrapone, a cytochrome P450-specific inhibitor, blocked this reaction (15) . However, mass spectrometric analysis of the cytokinin contents of ipt-expressing plants revealed that levels of zeatinriboside (ZR) and ZMP tend to increase, whereas those of iPMP are unaffected (16) or even decrease, compared with wild-type plants (17) , conflicting with the proposal that iPMP is the first product of the ipt gene. The lack of iPMP accumulation in ipt-transgenic plants was again explained by rapid conversion of iPMP to ZMP, together with rapid oxidative cleavage of the isopentenyl side chain by the action of cytokinin oxidase (16, 18) . This enzyme shows a stronger affinity for isopentenyl-type cytokinins than the zeatin type, and it is induced by cytokinin overproduction (19, 20) .
We have tested the proposed biosynthesis route by using an inducible cytokinin production system, to limit the possibility of interference from mechanisms initiated by high cytokinin concentrations that could inhibit iPMP accumulation. If such mechanisms exist in planta, then plants expressing the ipt gene under the control of an inducible expression system should show a transient accumulation of iPMP, after induction, before the putative iPMP homeostatic mechanisms are initiated. Therefore, we have analyzed cytokinin biosynthesis in transgenic Arabidopsis, expressing the ipt gene under the control of a glucocorticoid inducible transcription system (21, 22) . This system recently was shown to cause growth defects in transgenic A. thaliana plants grown in inductive conditions for 1-2 weeks (23). However, our investigation is based solely on samples taken in the initial induction phase during which no effect from the long-term growth alteration is expected. We have previously developed powerful tools for analyzing cytokinins by mass spectrometry (24) and for quantitative analysis of cytokinin biosynthesis by in vivo deuterium labeling (25) . In this paper we present evidence, acquired by using these techniques, for an alternative, iPMP-independent, biosynthetic pathway of zeatin-type cytokinins, operational in both wild-type and ipt-transgenic plants.
Materials and Methods
Plant Material and Growth Conditions. The plants used in this study were of wild-type A. thaliana ecotype Landsberg, and a line transformed with the A. tumefaciens ipt gene under the control of a glucocorticoid inducible expression system in pMON721 vector (21, 22 Analysis of Induced Cytokinin Overproduction. Four-week-old plants were sprayed with a solution of 30 M dexamethasone in 0.02% Triton 100, and samples were harvested 0, 0.2, 0.5, 1, 2, 6, and 12 h after induction. Six cytokinins (the isopententenyl and zeatin bases, nucleosides, and nucleotides) were purified and analyzed by capillary-liquid chromatography͞frit-fast atom bombardment-MS in selective reaction monitoring mode according to Åstot et al. (24) . In a second set of experiments, the cytokinin nucleotide levels were quantified in plants grown and induced in liquid growth media free from tracers. In this experiment, 2 mM metyrapone also was added to uncouple the iPMP-independent pathway. After 3-12 h of incubation, samples were harvested, and mass isotopomer analysis was performed by capillary-liquid chromatography͞frit-fast atom bombardment-MS in high-resolution selected ion monitoring mode (ipt) and selective reaction monitoring mode (wild type) according to Åstot et al. (25) .
Results
Induced ipt Expression and Cytokinin Overproduction. Significant increases in ipt transcript levels were detected 2-3 h after adding dexamethasone, a synthetic glucocorticoid, and levels were very high after 12 h incubation, similar to the induction kinetics in tobacco described by Aoyama et al. (21) . These increases were followed by significant rises in concentrations of the zeatin-type cytokinins (Fig. 2) . The ZMP level was most affected, rising to 850 ng⅐g -1 fresh weight after 12 h of induction: 100-fold higher than in uninduced plants. The ZR and zeatin levels rose 50-and 5-fold, respectively, during the same period of induction. In contrast to the zeatin family, the iPMP, iPA, and isopententyladenine pool sizes were not significantly affected by induction of the ipt gene. When ipt expression was induced for 12 h in plants grown on liquid media, higher levels of the cytokinin nucleotides were detected, probably because of more rapid uptake of dexamethasone directly from the liquid media (Table 1) .
Tracing Cytokinin Biosynthesis by in Vivo Deuterium Labeling. To investigate relative rates of iPMP and ZMP biosynthesis, ipttransgenic plants were incubated on 2 H 2 O-enriched media containing the inducer. Both cytokinin nucleotides showed significant deuterium enrichments, i.e., increased ratio of labeled to unlabeled cytokinin nucleotides after correction for natural isotope distribution (tracer͞tracee ratio) (Fig. 3) . The rate of deuterium incorporation into ZMP showed a significant shift (P Ͻ 0.05) after approximately 5 h, reflecting the lag time for induction of cytokinin overproduction. Thus, an initial rate of deuterium incorporation, essentially identical to wild-type data, was accelerated by an increased rate of ZMP biosynthesis linked to ipt expression. In contrast, the iPMP pool showed essentially equal rates of deuterium incorporation before and after 5 h of induction, i.e., before and after ipt-mediated cytokinin biosynthesis had been up-regulated. Thus, ipt expression appears to have no significant effect on iPMP biosynthesis rates. Consequently, significantly higher tracer͞tracee ratios were found for ZMP than for iPMP after both 12 and 24 h (Fig. 3) .
In Vivo Deuterium Labeling and Detection of iPMP Conversion. Cytochrome Inhibitor Experiments. Metyrapone, a cytochrome P450 inhibitor known to inhibit plant isopentenylhydroxylases (15, 27) , caused a 67% reduction in ZMP levels in induced ipt-transgenic plants after 12 h (Table 1) . It also resulted in a 37% reduction of the iPMP pool, suggesting that it also inhibits cytochrome P450-dependent enzymes upstream of iPMP. Analysis of in vivo deuterium incorporation from deuterated water into ZMP indicated that metyrapone also has an impact on the iPMP-independent biosynthetic pathway (Table 1 ]iPA-double tracer media. The ZMP mass isotopomer profiles from plants incubated for 24 h contained both a mass isotopomer cluster and a discrete ϩ5 signal, the latter demonstrating that the iPMP-dependent pathway was active under these conditions (Fig. 5a ). Addition of 2 mM metyrapone blocked the iPMP-dependent pathway by inhibiting the iPMP hydroxylase. The resulting mass isotopomer profile lacked the ϩ5 signal from [ 2 H 5 ]ZMP but contained significant amounts of the lower mass isotopomers from the in vivo ZMP deuterium labeling (Fig. 5b) . This finding clearly demonstrates that the wild-type plants were capable of producing ZMP de novo independent of iPMP. With wild-type plants the metyrapone concentration used was lower compared with experiments with ipt-expressing plants to minimize the effect on the iPMP-independent pathway described above.
Inhibition of Terpenoid Biosynthesis. The origin of the side-chain precursor used in the alternative pathway was investigated in wild-type plants by using mevastatin, an inhibitor for HMG CoA reductase, a key enzyme in the acetate͞mevalonic acid pathway of isoprenoid biosynthesis. In this experiment the iPMP-dependent synthesis was blocked with metyrapone, and addition of mevastatin significantly reduced the in vivo deuterium labeling in ZMP, showing that at least part of the side-chain precursor pool used in the alternative pathway was of terpenoid origin (Fig. 6 ).
Discussion
The primary events of cytokinin biosynthesis generally are thought to be formation of iPMP by conjugation of a 2-isopentenyl hydrocarbon chain to the N 6 of AMP (9, 10, 28), followed by rapid, stereo-specific hydroxylation of the side chain to yield ZMP (14, 16, 18) . The iPMP-dependent cytokinin biosynthesis pathway (Fig. 7 , black arrows) has been extensively studied in tissues expressing the ipt gene from A. tumefaciens, which encodes an enzyme that can catalyze, in vitro, the transfer of an isopentenyl side chain from DMAPP (11, 12) to AMP. Tests of a number of pentenyl compounds as side-chain donors, using partially purified cytokinin-autonomous tobacco callus tissues, demonstrated that substrates with an allylic pyrophosphate group were required for activity (9) . However, 4-pyrophosphate-2-methyl-trans-but-2-enol, the most likely candidate for a zeatin Fig. 3 . In vivo deuterium labeling of ZMP (s) and iPMP (E) in transgenic A. thaliana plants, incubated on deuterium-enriched media containing dexamethasone to induce ipt expression. Enrichment is expressed as the ratio of deuterium labeled substance (tracer)͞unlabeled substance (tracee), after correction for natural isotope distribution. Initiation of cytokinin overproduction is marked by an arrow. Standard deviation is indicated by error bars. The slope of the ZMP 6-to 12-h regression line was significantly higher than the slope of the 0-to 3-h data (P Ͻ 0.05, dummy variable analysis). type of side-chain donor, has not yet been tested, probably because of the complexity of the required chemical synthesis.
Table 1. Effect of metyrapone on cytokinin nucleotide content in transgenic Arabidopsis plants when expression of the ipt gene has been induced for 12 h and deuterium labeling of ZMP in induced transgenic plants incubated on D2O-enriched media for 12 h
In our study transgenic A. thaliana expressing the ipt gene under the control of a glucocorticoid inducible expression system was used. This system has rapid induction kinetics (21) , and ipt transcripts were detected 2-3 h after induction. Surprisingly, ipt expression did not have even a transient impact on the pool size of iPMP, the proposed first product of the isopentenyl transferase (Fig. 2) . However, ZMP levels increased 100-fold within 12 h of induction, suggesting either that ZMP was synthesized independently from iPMP, or that iPMP to ZMP conversion remained very rapid even with a very drastic increase of iPMP biosynthesis. ZR levels increased 50-fold, presumably because of the rapid interconversion of nucleotides and nucleosides (26) , in accordance with the view that cytokinin biosynthesis occurs mainly at the nucleotide level (28) .
We also used a recently developed method where cytokinin biosynthesis was monitored after deuterium incorporation into cytokinins (25) . When plants are incubated on a liquid growth medium enriched with deuterium oxide, general labeling occurs throughout essentially all biosynthetic pathways of the plant cell. In pools of particular compounds, unlabeled species are replaced by deuterium-labeled species at rates dependent on the metabolic turnover and the deuterium enrichment of the precursor(s). Deuterium labeling experiments with ipt-transgenic plants indicated that the ZMP biosynthetic rate was significantly higher after ipt expression, but iPMP synthesis essentially remained constant before and after ipt induction (Fig. 3) . The difference in biosynthetic rates between ZMP and iPMP can be estimated, assuming that there are two separate side-chain precursors with equal degrees of deuterium enrichment. Using the increase in the tracer͞tracee ratio (2) in ZMP (A) and iPMP (B) between 6 and 12 h of incubation (Fig. 3) , together with the endogenous pool sizes (Table 1) , the difference in biosynthetic rates ϭ
derived from Toffolo et al. (29) , the biosynthetic rate of ZMP was calculated to be 66 times higher than that of iPMP. If deuterium-labeled metabolites are channeled through a linear biosynthetic pathway, the degree of labeling must be higher in early than in late metabolites. In this study, the tracer͞tracee ratios of ZMP and iPMP 24 h after induction were 3.5 and 2.5, respectively (Fig. 3) . This finding is not consistent with an iPMP-dependent biosynthetic pathway (Fig. 7, black  arrows) , because a precursor cannot have a lower level of enrichment than its product.
The deduced peptide sequence of the bacterial ipt suggests it has a cytosolic location. Thus, there are only three possible ways to explain our results. First, the ipt also may have hydroxylase activity and produce ZMP directly from DMAPP and AMP in a two-step reaction. However, tests have found no such activity in the ipt (30). Second, the bacterial ipt could form a bienzyme complex with an endogenous plant isopentenylhydroxylase, and substrate channeling could restrict iPMP leakage into the cytosol. However, for efficient metabolite transfer to occur between the two catalytic sites, structural constraints preventing loss of the intermediate into the bulk solution would be essential. The necessary interactions between the associated enzymes in such cases are often highly evolved, as in tryptophan synthase (31) , and this would be unexpected between an endogenous and a heterologous enzyme. The third, and likeliest explanation of our findings, is that two different side-chain precursors are used by the ipt in ZMP and iPMP synthesis, in two independent pathways. An alternative, iPMPindependent pathway (Fig. 7, blue arrows) explains not only our data, but also results from earlier studies (13, 18 (Fig. 4) . A strong induction of ZMP levels take place in the dexamethasone-ipt plants 6-12 h after induction of ipt expression (Fig. 2) . Thus essentially every ZMP molecule was newly synthesized after 12 h of incubation. However, the ZMP profile was not dominated by [ pathways leading into these pools cannot be completely ruled out. A control experiment, however, was performed where [ 2 H 5 ]ZR was fed to increase the pool size of ZMP in a similar manner to the [ 2 H 6 ]iPA feeding. In this experiment the rate of deuterium incorporation into ZMP from deuterated water was measured in wild-type plants, and it was clearly demonstrated that the increased pool sizes of ZMP and ZR did not cause any reduction in iPMP-independent synthesis (data not shown).
Specific inhibitors often are used to investigate metabolic fluxes and metyrapone, a cytochrome P450 inhibitor, has been used to inhibit isopentenylhydroxylases in plants (15) , thereby uncoupling the iPMP-independent pathway. However, when induced ipttransgenic plants were treated with metyrapone, levels of both iPMP and ZMP fell (Table 1 ). Our observations suggest that metyrapone also inhibits cytokinin metabolism upstream of the nucleotide stages and is not highly specific for the iPMP hydroxylase, in agreement with earlier experiments (27) . Metyrapone also significantly reduced the rates of in vivo deuterium incorporation into ZMP (Table 1) , indicating a lower rate of biosynthesis in the iPMP-independent pathway. The lower incorporation of deuterium from deuterated water reduced the abundance of higher ZMP as mass isotopomers declined (Fig. 4b) ]iPMP tracer would have been detected if the iPMP-hydroxylase had been active. However, no signal was observed in the m͞z 207-channel, and therefore it can be concluded that the iPMP hydroxylase was completely inhibited, but with the de novo ZMP biosynthesis maintained because a ZMP mass isotopomer cluster was still present (Fig. 4b) . This evidence strongly corroborates the hypothesis that an alternative, iPMPindependent pathway exists in ipt-expressing plants. The experiment also suggests that a cytochrome P450-type enzyme is involved in the synthesis of the side-chain precursor associated with the iPMP-independent pathway.
A further issue addressed was whether the iPMP independent pathway is solely associated with the Agrobacterium ipt, or if it is part of normal cytokinin biosynthesis in plants. Double tracer experiments using Arabidopsis wild-type plants with and without metyrapone clearly demonstrated the presence of an equivalent, iPMP-independent biosynthetic pathway leading to ZMP in wild type. In the controls, both the cluster from in vivo deuterium labeling and a discrete ϩ5 signal from [ 2 H 5 ]ZRMP were observed (Fig. 5a) . Addition of metyrapone completely blocked the iPMP conversion, leaving a significant in vivo deuterium incorporation in ZMP (m͞z 203-206) (Fig. 5b) . Because de novo biosynthesis of ZMP occurred while the iPMP-dependent pathway was inactive, the iPMP-independent pathway also must be involved in endogenous cytokinin biosynthesis in plants.
Finally, the terpenoid origin of the Z-type of side-chain precursor was tested by adding mevastatin to an in vivo deuterium labeling experiment in wild-type plants where the iPMP-ZMP conversion was blocked with metyrapone. Mevastatin inhibits HMG CoA reductase and thereby blocks the cytosolic acetate͞mevalonic acid pathway of terpenoid biosynthesis, with reduced cytosolic levels of DMAPP as a consequence. Application of HMG CoA inhibitors has been shown to reduce the levels of zeatin-type cytokinins (32) , which might, at least in part, be mediated by the iPMP-independent cytokinin biosynthesis pathway. In the present investigation, significant reduction of deuterium incorporation into ZMP, in the presence of both metyrapone and mevastatin, indicates that the iPMPindependent pathway uses a side-chain donor of terpenoid origin (Fig. 6) . The result also indicates that the endogenous iPMPindependent pathway has a cytosolic localization because isoprenoid biosynthesis in plastids is independent of mevalonate. In the chloroplast, DMAPP and isopentenyl-pyrophospate (IPP) are formed by the 1-deoxy-D-xylulose-5-phosphate pathway, starting with glyceraldehyde-3-phosphate and pyruvate (33) , and only a limited cross talk between the two DMAPP͞IPP pathways has been indicated by labeling experiments (34) .
We have now provided evidence for the existence of an iPMP-independent cytokinin biosynthesis pathway, both in A. thaliana expressing the A. tumefaciens ipt gene and as part of normal wild-type plant metabolism. Although in the transgenic tissues the majority of the synthesis is mediated via the iPMPindependent pathway, both pathways seem to be important in wild-type tissue. The relative contribution of the two pathways may vary in a tissue-and time-dependent manner. Our data also indicate that the Z-type side-chain precursor is synthesized as a branch-off from the terpenoid pathway. This, and other aspects of cytokinin biosynthesis, could be probed in further studies using the labeling technology applied here.
